. Although the electrophysiological studies described Introduction above show that some aspects of sensory processing are preserved during NREM sleep, they lack the spatial The degree of cognitive activity taking place in a sleepresolution to identify the neuroanatomical substrates ing brain is a current matter of interest (e.g., Cote and underlying this process. In the present study, we used Campbell, 1999; Perrin et al., 1999). Although it is generfunctional magnetic resonance imaging (fMRI) comally accepted that sensory inputs are consciously perbined with EEG to investigate "if" and "how" the brain ceived only during wakefulness, sensory information responds to sensory processing across different levels can be, under certain circumstances, integrated in the of consciousness. First, we tried to establish to what sleeper's mental activity (Burton et al., 1988) . Since extent auditory stimuli presented during sleep are assosleep occupies almost one-third of human life, it seems ciated with brain activity. We were also interested in important to investigate the degree of sensory procomparing hemodynamic changes associated with aucessing achieved during this state. In this study, we invesditory processing in sleep and wakefulness. Second, we tigate the effect of auditory stimuli during nonrapid eye considered whether, during NREM sleep, the brain may differentially process stimuli having special affective significance. To test this hypothesis, we presented two
Figure 1. Schematic of the Experimental Design
The figure shows the time-relation between functional measurements, EEG recording, presentation of auditory stimuli, and replay of scanner noise. duration but with different affective significance: pure middle temporal gyrus and orbitofrontal cortex bilaterally in response to the name in both wakefulness and tones (beep) and the subject's own first name. sleep ( Figure 6 ; Table 1 ). Finally, we looked for activations associated with the Results interaction between stimulus type and state. That is, we contrasted name-versus beep-related brain activity Figure 1 shows a schematic of the experimental design during sleep with name-versus beep-related brain activ-(see Experimental Procedures for more details). During ity during wakefulness. Because we were interested in the course of the experiment, subjects were presented those brain regions that responded more to the presenwith two types of auditory stimuli of equal length and tation of the subject's own name, compared to beep, in intensity, a pure tone (beep) and the subject's own first sleep than in wakefulness, we masked the interaction name (name). Hypnograms showed in all subjects an with a contrast coding for the simple main effect of name alternation between wakefulness and sleep periods. Table 1 ). An example of a subject's polygraphic recordings is shown in Figure 2 .
The mean number of awakenings was 10 per subject Discussion and the majority was due to the presentation of the subject's own name (Figure 3) . The most important findThis is the first fMRI study to investigate auditory processing as a function of the level of consciousness. The ing of this study was that the pattern of brain activation associated with auditory stimulation was remarkably importance of understanding how sensory stimuli are processed in a state of reduced consciousness goes similar during wakefulness and sleep. In particular, processing of the auditory stimuli (name or beep) produced beyond the boundary of sleep physiology. Such knowledge would help us to comprehend how residual cognibilateral activation in auditory cortex (superior temporal gyrus, BA 41/42), thalamus, and caudate in wakefulness tive activity operates during states of "unconsciousness" other than sleep (e.g., anesthesia, comatose and sleep (Figure 4 ; Table 1 ).
However, when the stimuli-related brain activity durstates, etc.). The first significant result of this study is that the ing sleep was compared to stimuli-related brain activity during wakefulness, a decreased activation was found pattern of brain activation associated with auditory stimulation was strikingly similar in wakefulness and sleep, in the left parietal cortex (BA 7) and bilaterally in the prefrontal cortex (BA 47), thalamus, cingulate gyrus (BA23/ suggesting that sensory processing occurred in both conditions. However, we found qualitative differences 24), and peri-amygdala regions ( Figure 5 ; Table 1 ).
Direct comparison between the two event types in brain activation associated with auditory processing during sleep compared to wakefulness. The reduced (name versus beep) revealed higher activation of the related potentials, we were able to identify selective from the auditory thalamus and auditory cortex (Romanski et al., 1993). Information from the lateral nucleus areas of brain activation associated with processing of significant (subject's own name) and neutral (beep) audiflows to the central nucleus and from here to several cortical and subcortical areas. We suggest that following tory stimuli across the sleep-wake. Presentation of beep or the subject's own name induced a similar pattern of the detection of relevant emotional stimuli during sleep, the amygdala may activate the dorsolateral prefrontal activation in the auditory cortex, thalamus, and caudate bilaterally. However, when name-was compared to cortex, inducing arousal and sustaining a basic level of sensory awareness (Armony and LeDoux, 2000). Albeep-related brain activity, higher activation was present in the middle temporal gyrus and orbitofrontal cortex though the amygdala is not directly connected to the dorsolateral prefrontal cortex, it projects to the mediobilaterally both in wakefulness and sleep. This difference is likely to reflect complex semantic processing (Binder dorsal thalamic nucleus, one of the major areas feeding into the prefrontal cortex. The amygdala also projects to et al. 1997) essential for name processing only.
More importantly, when we specifically tested the efnonspecific systems involved in the regulation of cortical arousal (Amaral et al., 1992). fect of name versus beep in sleep compared to wakefulness, we found higher activation in the left amygdala
The prefrontal cortex would then determine the consequences of the "alarm effect." Such effect may progress and left prefrontal cortex. These responses to the presentation of subjects' own names were unrelated to the to full awakening and acknowledgment of the input or to sensory neglect. used in a pilot study to test the experimental procedure. Two more sponses compared to other stimuli (trains of beep) of the same intensity and duration (see Results). A total number of 160-180 subjects had to be excluded from the group analysis due to severe movement artifacts present in the data acquired. Thus, results from "events" (prerecorded trains of stimuli or baseline) were presented in random order during matching bursts of functional measurements 7 subjects (5 males and 2 females) were used in the data analysis. Subjects gave written informed consent and all procedures were (see section below). In the gaps between bursts of fMRI measurements, the recorded scanner noise was replayed in order to produce approved by the local hospital ethics committee. a constant background noise through the duration of the experiment (Figure 1 ).
Experimental Protocol
To ensure that subjects would sleep in the uncomfortable and noisy MRI environment, we increased sleep propensity by sleep depriving Functional Data Acquisition and Analysis To detect brain activation associated with processing of auditory the subjects for 24 hr prior to the experiment, under continuous supervision. On the day of the experiment, subjects were prepared stimuli across the sleep-wake cycle, we used burst-mode fMRI (Josephs et al., 1999). This technique involves the acquisition of short for polygraphic recording and then placed inside the scanner (8:00 a.m.). To minimize movement artifacts due to sleep, the subject's "bursts" of measurements (6 measurements per burst in this study). In the gaps between bursts, it is possible to monitor behavior and/ head was immobilized with special pads. During a 2 hr scanning period (including wakefulness and sleep), subjects were presented or electrophysiological parameters (e.g., EEG recording). During a 2 hr experimental session, 160-180 bursts (matching the number of binaurally, using a headphone, with trains of auditory stimuli of two types alternated with periods of silence (baseline condition). In the events) were acquired for each subject (corresponding to ‫0001ف‬ volumes). Each volume consisted of 34 slices (2 mm thickness). baseline condition, there was no auditory stimulation other than the scanner noise (Figure 1) . A pure tone (beep, 1400 Hz sine waves, With this procedure, each volume covered the whole brain (with the exception of the lowest part of the cerebellum); the voxel size was 500 ms duration, 80 db intensity) was used as neutral stimulus and presentation of the subject's own name (500 ms duration, 80 db 3 ϫ 3 ϫ 3 mm, and the acquisition time (TA) was 2.88 s. Each burst had ‫71ف‬ s duration (same as the gaps) (Figure 1 ). Before proceeding intensity) was used as stimulus having special affective significance. Previous studies have shown that a person's own name is an intrinsito fMRI data analysis, all volumes were realigned, motion corrected, normalized ( 
